Introduction
Synthesis of 2',4,4',6 '-tetrahydroxychalcone from 4-coumaroyl-CoA and three molecules of malonylCoA is catalyzed by the enzyme chalcone synthase [1] , This key enzyme of flavonoid biosynthesis has been purified from a number of plants and plant cell cultures [1, 2] , We were interested in studying chalcone synthase from soybean ( Glycine max. L. Merrill) in more de tail for the following reasons: 1. The biosynthesis and induction of glyceollin, the phytoalexin of soy bean, has been studied extensively [3, 4] , Since glyceollin originates from the deoxychalcone, 2\4,4'-trihydroxychalcone, but soybean also syn thesizes flavonoids derived from tetrahydroxychalcone, it was of interest to find out whether more than one chalcone synthase is present in soybean and if synthesis of deoxychalcone could be detected in vitro.
2.
We wanted to obtain an antibody against the soybean CHS which could be used in studies on in duction of glyceollin synthesis in soybean by infec tion by Phytophthora megasperma f. sp. glycinea. 
Materials and Methods

Chemicals
[2-14C)M alonyl-CoA (2.18 GBq/mmol) was from A m ersham Buchler (Braunschweig, FRG). Cinnamoyl-CoA esters and flavonoids were from our laboratory collection. The CHS-antiserum from parsley was a gift from K. Hahlbrock, Cologne.
Buffers
All buffers were degassed and saturated with nitrogen before addition of ascorbate.
Buffer 
Cell cultures and induction
Cell suspension cultures of soybean (Glycine max cv. Harosoy 63) were propagated as described [5] and were transferred every 7th day to fresh medium. For induction of chalcone synthase 6-day-old cells were incubated for 25 h in fresh B5 medium contain ing 0.6 M sucrose. Harvested cells were frozen in liquid nitrogen.
A ssay fo r chalcone synthase
The assay was carried out as described previously [6. 7] ,
Purification o f chalcone synthase
All the following operations were carried out be tween 4 °C and 8 °C. Column chrom atography was carried out with an FPLC system (Pharm acia). In buffers containing ascorbate, protein was m onitored at 350 nm.
Step 1. Frozen soybean cells (3.7 kg) were thawed in 4.4 1 buffer A containing 48 g ascorbate and 350 g Dowex 1 x 2 (C P form equilibrated with buffer A) and ground in two portions in a m ortar for 1 h with 400 g quartz sand each. The slurry was filtered through glass-wool and centrifuged for 20 min at 17000 x g . The supernatant was again filtered through glass-wool.
Step 2. A solution of MgCL ( 1 m) was slowly added to the crude extract up to a final concentration of 30 m M MgCL. A fter stirring for 20 min the slurry was centrifuged for 20 min at 42000 x g . A 10% solution of polyethyleneimine (adjusted with HC1 to pH 7.5) was then slowly added to the supernatant with stir ring to produce a final concentration of 0.3% . A fter 20 min stirring the precipitate was spun down at 17000 x g for 20 min and the supernatant liquid was brought to 40% saturation with solid (N H 4)2S 0 4. A fter 15 min the suspension was centrifuged at 17000 x g for 20 min and the precipitate was dis carded. The supernatant was brought to 80% satura tion with (N H 4)2S 0 4 and the protein collected as de scribed. The supernatant was discarded. The precipi tate was dissolved in 187 ml buffer B and the solution cleared by centrifugation.
Step 3. The above solution (145 ml) was applied to a column (5 x 43 cm) of DGP6 (Bio Rad) which had been equilibrated with buffer C. Protein eluted with buffer C was directly applied to a column (5 x 10.5 cm) of Q-Sepharose (Pharmacia). A fter absorption of the protein the column was washed with 400 ml buffer C. Chalcone synthase was eluted with a linear gradient of 0 to 300 mM NaCl in buffer C at a flow rate of 4 ml/min. As shown in Fig. 2 two pools with CHS activity were collected.
Step 4. The two pools of chalcone synthase from step 3 were each concentrated by ultrafiltration and were then each applied to a column (5 x 87 cm) of Sephacryl S 200 which had been equilibrated with buffer D. CHS was eluted with buffer. D. Maximal enzyme activity appeared at 870 ml. The exclusion volume was 530 ml.
Step 5. The CHS-containing fractions from step 4 were concentrated by ultrafiltration and were then each applied to a hydroxyapatite column (2.6 x 6.4 cm) which had been equilibrated with buffer D. A ft er washing with buffers D and E the enzyme was eluted with a linear gradient of 80 m M -240 m M phos phate buffer (buffers E and F). CHS was eluted between 134 m M -184 m M .
A nalytical methods
Thin layer chromatography was performed on cel lulose plates (E. Merck, D arm stadt, FRG ) with the following solvent systems (ratios by volume): 1) 15% acetic acid; 2) 5% acetic acid; 3) chloroform/ acetic acid/water (10:9:1). For two-dimensional sep arations solvents 1 and 3 were used. Flavonoids were detected under ultraviolet light or by spraying the plates with a 0.2% solution of Fast Blue salt (Merck) and fuming with ammonia. Radioactive substances were detected with a TLC-analyzer (Berthold. Wildbad). SDS-gel electrophoresis was carried out with flat-bed gels [8] in the buffer system of Laemmli [9] . Isoelectric focussing was performed on PAGplates with ampholine pH 5 -6.5 (LKB, Gräfelfing) accord ing to instructions of the producer.
Translation system
The in vitro translation of total RNA was carried out as described previously [10] .
Western Blots
The W estern blots were carried out as described [11, 12] . To prevent proteolysis in crude cell extracts the cells were ground in a m ortar in liquid nitrogen and the fine powder was then boiled for 10 min in SDS buffer (250 m M Tris-HCl (pH 7.5), 20 m M E D T A , 5% SDS).
Results
Induction o f chalcone synthase in soybean cell suspension cultures with sucrose
The induction of CHS in soybean cell cultures by osmotic stress [13] was tested in the following way. Six-day-old cells were transferred to fresh B-5 medium and incubated for 10 h. To one part of the cells was then added sucrose to a final concentration of 0.4 m ; the other part remained in the B-5 medium. The CHS activity of the cells after various times of induction was determ ined and the results are shown in Fig. 1 . Control cells which had not been transfer red to fresh medium contained only very low enzyme activity. Transfer to fresh medium caused an increase to about 2 (ikat/kg protein after 16 h; with sucrose almost 8 [ikat/kg were reached after 22 h (12 h after sucrose addition).
Purification o f chalcone synthase
CHS from sucrose induced soybean cell cultures was purified to apparent homogeneity by a 5-step procedure which is summarized in Table I . Ascor bate was added to the nitrogen-saturated buffers on the basis of experience gained in the isolation of CHS from parsley cell cultures [7] . The elution profile of CHS from Q-sepharose (step 3) consistently gave two partially separated peaks of activity which were pooled separately (Fig. 2) . However, further purifi cation of the two separate fractions with CHS activity on Sephacryl S200 and hydroxyapatite gave proteins with identical position on SDS gels (Fig. 3) . Pool 2 contained an impurity at 22 kDa in addition to the CHS subunit at 40 kDa. In another purification protocol hydrophobic chromatography on phenyl Sepharose was included. Such CHS preparations showed two bands on SDS gels, an upper band with A/r 40 kDa and a lower band with Mr 38 kDa.
A pparen t molecular weight
The apparent Mr of CHS was determ ined on a calibrated column of Superose 12. CHS from soy bean gave a Mr of 75 kDa ± 5 kDa. The enzyme is therefore composed of two subunits with identical Mr (com pare Fig. 3 ), but with different isoelectric points (see below). 
Hours after transfer
Isoelectric focussing
Isoelectric focussing of pure CHS in a pH gradient of 5.0 to 6.5 gave a major protein band at pH 5.45 and two weaker bands at pH 5.35 and pH 5.5 (Fig. 4) . To test w hether the proteins with different pis are enzymatically active the gel of a parallel run was cut into strips and CHS was assayed in the individual fractions. The activity profile shown in Fig. 4 dem on strates that the proteins at pH 5.35 and 5.45 have CHS activity. W hether the weak band at pH 5.5 is also enzymatically active could not be decided. A similar CHS-activity profile was obtained with the ammonium sulfate pellet and with hvdroxyapatite pool 1.
Electrophoresis
Analysis of pure CHS by two-dimensional elec trophoresis [14] gave a set of 6 proteins with equal M r of 40 kDa and isoelectric points between pH 6.0 and 6.6 (Fig. 5) . This protein pattern is in agreement with results of an analysis of soybean CHS subunits syn thesized either in vivo or in vitro where the same subunit pattern was observed [15] . One-dimensional PA G E of pure CHS under non-denaturating condi tions gave three closely spaced but clearly separated protein bands. 
Properties o f chalcone synthase from soybean
The enzyme assay was linear with protein up to 30 jig and with time up to 30 min at 5.5 ^g protein.
The tem perature optimum of the reaction was 45 °C.
Substrate specificity was tested with the coenzyme A esters of cinnamic, 4-coumaric, caffeic, ferulic and sinapic acids.
The pH optimum with 4-coumaroyl-CoA was 7.5. At this pH the only reaction product was (25)-naringenin. The reaction product with caffeoyl-CoA was identified by thin layer chromatography as eriodictyol. As has been observed previously with CHS preparations from other plants [16] [17] [18] [19] , the pH optimum for synthesis of eriodictyol (around pH 6) was different from that for naringenin synthesis (pH 7.5) (Fig. 6 ). With cinnamoyl-CoA a low conversion (maximal 15%) to pinocembrin (5,7-dihydroxyflavanone) was observed which showed no pH optimum. With feruloyl-CoA one m ajor and 3 minor reaction products were formed. None of these prod ucts was identical with homoeriodictyol (5,7,4'-trihydroxy-3'-m ethoxyflavanone) . No reaction prod ucts were found with sinapoyl-CoA.
A ttem pts to fin d synthesis o f deoxychalcone
Extracts of assays were analyzed for synthesis of liquiritigenin (7,4'-dihydroxyflavanone) or the corre sponding chalcone by TLC with solvent systems 1 and 2 and in some cases by two-dimensional TLC. Solvent 1 (15% acetic acid) gave a good separation of naringenin (Rf = 0.33) and liquiritigenin (R f = 0.45). When m ercapto reagents were used in the enzyme assay instead of ascorbate a new radioactive product with Rf = 0.73 (solvent system 1) was formed in con siderable amounts. Synthesis of this product did de pend on presence of malonyl-CoA in the assay but did not require 4-coumaroyl-CoA. The reaction was of enzymatic nature and was probably a malonylation of SH-groups in dithioerythritol, dithiothreitol and 2-m ercaptoethanol.
The following cofactors (single or in combinations) were added to the CHS assay under anaerobic condi tions at pH 7.5 or 6.5 and with enzyme from different purification stages: N A D H , NA D PH , FM N, FAD, thioredoxin, and dithionite. A number of new radioactive products were detected which in no case corresponded with deoxychalcone or deoxyflavanone.
A nother series of experim ents was carried out with soybean protoplasts [13] and permeabilized soybean cells. Protoplasts were lysed by osmotic shock to give a solution with 1.8 mg/ml protein and this was used for the CHS assay. No form ation of deoxychalcone/ flavanone could be detected. Protoplasts used for these experim ents did accumulate glyceollin [13] .
Furtherm ore, cells which had been challenged with elicitor from Phytophthora megasperma f.sp. glycinea [15] were perm eabilized with DMSO [20, 21] and incubated with 4-coumaroyl-CoA and [14C]malonyl-CoA for various lengths of time. Naringenin and apigenin were found in varying pro portions on the radioscans of the cell extracts, but no deoxy com pounds could be detected.
A n tib o d y against CHS fro m soybean
An antiserum against soybean CHS was raised in rabbits with 1.24 mg pure protein. The anti serum was purified by FPLC on protein-A-Sepharose. A SDS gel of the column eluate showed only bands of the heavy and light chain IgG. In double immunodiffusion only one precipitine line was visi ble with crude extract from soybean cells and with CHS from Q -Sepharose pool 1. The soybean CHS antiserum showed cross-reactivity with parsley CHS. In im m unotitration experim ents 50% of CHS activity was precipitated with about 4 ^g purified antibody. On W estern blots of PA G E from cell extracts with CHS antibody three bands with 22, 38 and 40 kD a were detected. The 38-kDa band was absent when cells were ground in liquid nitrogen and immediately boiled in SDS-buffer. The cross reactivity of the antiserum with the 22-kDa protein could be due to an im purity in the CHS preparation used for im m unization. W hen an in vitro transla tion product of soybean m RN A was precipitated with the antibody from soybean, only one pro- tein species with M r 40 kDa on SDS-gel was seen. With the antibody against parsley CHS two proteins with 40 kDa and 38 kDa were visible (Fig. 7) .
Discussion
Stimulation of soybean cell cultures with sucrose is a convenient m ethod of obtaining cells with high CHS activity. The specific CHS activity found here is similar than the activity which has been reported for soybean cells challenged with glucan elicitor from Pm g [10] .
By the 5-step purification procedure we obtained pure CHS which showed one protein band at M r 40 kDa on SDS-gels. From the present and previous [15] results it can be concluded that there are no CHS species with different molecular weights present in soybean but that there exist a num ber of charge isomers. Analysis of CHS synthesized in vivo and in vitro by two-dimensional gel electrophoresis had shown six proteins between pH 6. 1 and 7.1 [15] . The same protein pattern was found in the present work with pure CHS. Taking into account the results of IE F under non-denaturing conditions (Fig. 4) it is evident that the six proteins on O 'Farrel gels are the subunits of three charge isomers of CHS. At least two of these isomers are enzymatically active (Fig. 4) . The finding that there are several CHS charge iso mers might be explained by the num ber of CHS gene copies in the soybean genome. Since CHS forms a multi-gene family of about 8-10 members (R. Wingender-Drissen and J. Schell, unpublished) the differ ent CHS proteins most likely represent different gene products. Evidence for this can be deduced from sequence data of two CHS genes which imply some differences in the amino acid composition of the products (R. W ingender-Drissen and J. Schell. unpublished). Two charge isomers have also been found for CHS from spinach [16] .
Various attem pts to detect synthesis of 5-deoxychalcone (flavanone num bering) failed. This is surprising because stim ulated soybean cell cultures produce as m ajor products glyceollin and other isoflavonoids derived from deoxychalcone. But syn thesis of 5-deoxyflavonoids could not be detected in vitro even in experim ents using a lysate of soybean protoplasts, in which cellular components are pres ent in high concentration, or in studies in which precursors were applied to permeabilized cells.
